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Abstract²$OWKRXJKWKHHOHFWURP\RJUDSK\(0*VLJQDOVDQG
LQWHUDFWLRQ IRUFHKDYHEHHQZLGHO\XVHG LQSDWLHQWFRRSHUDWLYH
RULQWHUDFWLYHWUDLQLQJEXWWKHFRQYHQWLRQDO(0*EDVHGFRQWURO
XVXDOO\ EUHDNV WKH SURFHVV LQWR D SDWLHQWGULYHQ SKDVH DQG D
VHSDUDWHSDVVLYHSKDVHZKLFKLVQRWGHVLUDEOH,QWKLVUHVHDUFK
DQDFWLYHLQWHUDFWLRQFRQWUROOHUEDVHGRQPRWLRQUHFRJQLWLRQDQG
DGDSWLYHLPSHGDQFHFRQWUROZDVSURSRVHGDQGLPSOHPHQWHGRQ
D VL['2)V SDUDOOHO URERW IRU ORZHU OLPE UHKDELOLWDWLRQ 7KH
URRWPHDQ VTXDUH 506 IHDWXUHV RI (0* VLJQDOV LQWHJUDWLQJ
ZLWK WKH VXSSRUWYHFWRUPDFKLQH 690FODVVLILHUZDVXVHG WR
RQOLQHSUHGLFWWKHORZHUOLPELQWHQWLRQLQDGYDQFHDQGWRWULJJHU
WKH URERW DVVLVWDQFH 7KH LPSHGDQFH FRQWURO VWUDWHJ\ ZDV
DGRSWHGWRGLUHFWO\LQIOXHQFHWKHURERWDVVLVWDQFHYHORFLW\DQGWR
DOORZWKHH[HUFLVHWRIROORZDSK\VLRORJLFDOWUDMHFWRU\0RUHRYHU
DQDGDSWLYHVFKHPHOHDUQHGWKHPXVFOHDFWLYLW\OHYHOLQUHDOWLPH
DQGDGDSWHGWKHURERWLPSHGDQFHLQDFFRUGDQFHZLWKSDWLHQW¶V
YROXQWDU\ SDUWLFLSDWLRQ HIIRUWV 7KH H[SHULPHQWDO UHVXOWV RQ
WKUHH KHDOWK\ VXEMHFWV GHPRQVWUDWHG WKDW QRW RQO\ WKH ORZHU
OLPEPRWLRQLQWHQWLRQFDQEHSUHFLVHO\SUHGLFWHGLQDGYDQFHEXW
DOVR WKH URERW DVVLVWDQFH PRGH ZDV DGMXVWDEOH EDVHG RQ
KXPDQURERW LQWHUDFWLRQ DQG PXVFOH DFWLYLW\ OHYHO RI VXEMHFWV
&RPSDULQJ ZLWK WKH FRQYHQWLRQDO (0*WULJJHUHG DVVLVWDQFH
PHWKRGVVXFKDVWUDWHJ\LQFUHDVHVSDWLHQW¶VPRWLYDWLRQEHFDXVH
WKH VXEMHFW¶V PRYHPHQW LQWHQWLRQ DFWLYH LQWHUDFWLRQ HIIRUWV DV
ZHOODVWKHPXVFOHDFWLYLW\OHYHOFKDQJHVFDQEHGLUHFWO\UHIOHFWHG
LQWKHWUDMHFWRU\SDWWHUQDQGWKHURERWDVVLVWDQFHVSHHGV
, ,1752'8&7,21
W LVHYLGHQW WKDW WKHUHLVDVWURQJWUHQGWKDWRXUVRFLHW\ LV
IDVWDJLQJ WKDQ H[SHFWHG $FFRUGLQJ WR WKH RIILFLDO
VWDWLVWLFDOGDWDIURPWKH8QLWHG1DWLRQVWKHSURSRUWLRQRI
WKHZRUOG¶VSRSXODWLRQRYHUZLOOEHGRXEOHGIURPWR
 EHWZHHQ  DQG  0HDQZKLOH OLPE IUDFWXUHV
FRPPRQO\RFFXUEHFDXVHRIVSRUWVLQMXULHVFDUDFFLGHQWVDQG
RWKHUDFFLGHQWDOLQMXULHV:LWKWKHWHQGHQF\RIDJLQJVRFLHW\
WKHUHLVDFRQVLGHUDEOHLQFUHDVHLQWKHQHHGVRIKHDOWKFDUHDQG
UHKDELOLWDWLRQHVSHFLDOO\DPRQJROGDQGGLVDEOHGSHRSOH>@
7KHUHKDELOLWDWLRQWUDLQLQJZLWKSURSHUURERWDVVLVWDQFHSOD\V
D VLJQLILFDQW UROH LQ UHFRYHULQJ WKH OLPE PRWRU IXQFWLRQV

:HL0HQJLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ.H\/DERUDWRU\
RI )LEHU 2SWLF 6HQVLQJ 7HFKQRORJ\ DQG ,QIRUPDWLRQ 3URFHVVLQJ :XKDQ
8QLYHUVLW\RI7HFKQRORJ\:XKDQ&KLQDFRUUHVSRQGLQJDXWKRUWR
SURYLGHHPDLOZHLPHQJ#ZKXWHGXFQ
=XGH=KRXLVZLWKWKH6FKRRORI0HFKDQLFDODQG(OHFWURQLF(QJLQHHULQJ
.H\ /DERUDWRU\ RI )LEHU 2SWLF 6HQVLQJ 7HFKQRORJ\ DQG ,QIRUPDWLRQ
3URFHVVLQJ :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ :XKDQ  &KLQD
HPDLO]XGH]KRX#ZKXWHGXFQ
<LOLQ=KXDQG.XQ&KHQDUHZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ
:XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ :XKDQ  &KLQD HPDLO
FKHQNXQB#VLQDFRP
7KLVZRUNZDVIXQGHGE\WKH)XQGDPHQWDO5HVHDUFK)XQGVIRUWKH&HQWUDO
8QLYHUVLWLHV*UDQWQR<%
0RUHRYHUHYDOXDWLRQIRUSDWLHQW¶VUHFRYHU\FRQGLWLRQDQGDQ
DFWLYH LQWHUDFWLRQ FRQWURO VWUDWHJ\ WKDW SURYLGH DSSURSULDWH
DVVLVWDQFHLVHVVHQWLDOO\QHFHVVDU\GXULQJWKHUHKDELOLWDWLRQ>@
$V\VWHPDWLFUHYLHZRIPHWKRGVDQGWHFKQLTXHVIRUDVVLVWLYH
VWUDWHJLHV EDVHG RQ SDWLHQW¶V SDUWLFLSDQW SHUIRUPDQFH KDG
EHHQVXPPDUL]HGE\0DUFKDO&UHVSRet al>@
6LQFHWKH(0*VLJQDOVFRQWDLQPXFKFUXFLDO LQIRUPDWLRQ
RI WKH PXVFOH DFWLYLW\ DQG FDQ LPSO\ SHRSOH¶V PRYHPHQW
DFWLRQaPVLQDGYDQFH>@WKH\KDYHEHHQZLGHO\XVHG
LQFOLQLFDOGLDJQRVLVUHKDELOLWDWLRQSURVWKHWLFFRQWURODQGWKH
KXPDQURERWLQWHUDFWLRQ,QUHFHQW\HDUVPDQ\PHWKRGVKDYH
EHHQ SURSRVHG WR H[WUDFW XVHIXO LQIRUPDWLRQ IURP (0*
VLJQDOV>@+RZHYHUDPDMRULW\RIUHVHDUFKZDVFRQGXFWHGRQ
XSSHU OLPEV >@ )RU H[DPSOH .LJXFKL et al SURSRVHG DQ
(0* VLJQDOVEDVHG PHWKRG WR FRQWURO DQ XSSHUOLPE URERW
DFFRUGLQJ WR WKH XVHU¶V PRWLRQ LQWHQWLRQ ,Q WKLV VLWXDWLRQ
VL[WHHQFKDQQHOVRI(0*VLJQDOVZHUHXVHG WRHVWLPDWH WKH
XSSHUOLPEPRWLRQ>@.UHEVet alGHVFULEHGDSHUIRUPDQFH
EDVHG SURJUHVVLYH WKHUDS\ XVLQJ (0* WR LQLWLDWH WKH URERW
DVVLVWDQFH>@ ,Q WKLVUHVHDUFK WKH(0*VLJQDOV LQ IRXUWHHQ
PXVFOHVRIWKHXSSHUOLPEZHUHFROOHFWHGDQGWKHURERWZDV
WULJJHUHGZKHQ WKHRQHPXVFOH¶VDFWLYLW\ LQFUHDVHGDERYHD
WKUHVKROG 7KLV (0*WULJJHUHG DVVLVWDQFH HQFRXUDJHV VHOI
LQLWLDWHGPRYHPHQWE\SDWLHQWVKRZHYHUWKLVDSSURDFKPD\
QRW UHFHLYH VDWLVIDFWRU\ UHKDELOLWDWLRQ RXWFRPHV EHFDXVH LW
EUHDNVWKHPRYHPHQWLQWRWZRVHSDUDWHSKDVHVDDFWLYHSKDVH
GULYHQE\SDWLHQWDQGDSDVVLYHSKDVHGULYHQE\URERWUDWKHU
WKDQSURYLGLQJDVHDPOHVVDVVLVWDQFHWRVXEMHFW>@
7KH SRWHQWLDO SUREOHP ZLWK (0*WULJJHUHG DVVLVWDQFH LV
WKDWLWGRHVQRWFRQVLGHUWKHSDUWLFLSDWLRQRISDWLHQW¶VHIIRUWV
7KHSDWLHQW¶VUHFRYHU\OHYHOFDQEHUHIOHFWHGE\(0*ZKLOH
WKHYROXQWDU\SDUWLFLSDWLRQLVGLUHFWO\UHODWHGWRWKHLQWHUDFWLRQ
IRUFH EHWZHHQ SDWLHQW DQG URERW 6HYHUDO FRQWURO VWUDWHJLHV
KDYHEHHQGHYHORSHGWRSURYLGHURERWLFDVVLVWDQFHDFFRUGLQJ
WR WKH SDWLHQW¶V GLVDELOLW\ OHYHO DQG WKH SDWLHQW¶V YROXQWDU\
SDUWLFLSDWLRQ $Q LQWHUDFWLYH WUDLQLQJ VWUDWHJ\ LV PRVWO\
DFKLHYHGE\XVLQJLPSHGDQFHFRQWUROOHU$QDVVLVWDVQHHGHG
JDLW WUDLQLQJEDVHGRQ LPSHGDQFHFRQWUROZDVGHYHORSHG LQ
>@WRSURYLGHLQWHUDFWLYHURERWLFJDLWWUDLQLQJ+RZHYHUD
IL[HG WUHDGPLOO VSHHG ZDV DSSOLHG GXULQJ WKH H[SHULPHQWV
6LPLODUO\ 'XVFKDX:LFNH et al SUHVHQWHG D SDWK FRQWURO
VWUDWHJ\ZLWKDYLUWXDOZDOOWRNHHSWKHSDWLHQW¶VOHJVZLWKLQD
WXQQHO DURXQG WKH GHVLUHG SDWK DJDLQ D FRQVWDQW WUHDGPLOO
VSHHG ZDV XVHG WKURXJKRXW WKH H[SHULPHQWV>@ ,W LV ZHOO
NQRZQWKDWWKHEDVLVRIDGDSWLYHLPSHGDQFHDVVLVWDQFHLV WR
PRGLI\WKHURERWPRWLRQLQDZD\WKDWLVGHVLUHGE\WKHSDWLHQW
ZKLFKLVEHOLHYHGWREHWKHPRVWDSSURSULDWHIRUUHKDELOLWDWLRQ
+RZHYHU WKH LVVXH RI UHIHUHQFH WUDMHFWRU\ DGDSWDWLRQ KDV
VRPH GUDZEDFNV IRU H[DPSOH WKH H[WHQW RI WKH WUDMHFWRU\
$FWLYH,QWHUDFWLRQ&RQWURORID5HKDELOLWDWLRQ5RERW%DVHGRQ
0RWLRQ5HFRJQLWLRQDQG$GDSWLYH,PSHGDQFH&RQWURO
:HL0HQJ<LOLQ=KX=XGH=KRXDQG.XQ&KHQ
,
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DGDSWDWLRQ FDQ QRW EH ZHOO GHWHUPLQHG DQG WKH FKDQJHV LQ
WUDMHFWRU\PD\UHVXOWLQDQXQSK\VLRORJLFDOSDWWHUQ,QRUGHU
WR WDFNOH WKLV SUREOHP WKH URERW DVVLVWDQFH VSHHG FDQ EH
DGMXVWHGDFFRUGLQJ WRKXPDQURERW LQWHUDFWLRQ'XFKDLQHet 
alGHVLJQHGDYDULDEOHLPSHGDQFHFRQWUROOHUXVLQJWKHIRUFH
WR VHQVHKXPDQ LQWHQWLRQ DQG WKLV ZRUN DOVR GHPRQVWUDWHG
ZK\ YHORFLW\ FRQWURO VKRXOG EH XVHG LQ D URERW UDWKHU WKDQ
W\SLFDO SRVLWLRQ FRQWURO>@ 6LQFH LQ WKLV VLWXDWLRQ WKH
GHVLUHGSK\VLRORJLFDOWUDMHFWRU\FDQEHVWULFWO\IROORZHGDQG
WKH YHORFLW\ FKDQJHV LQIOXHQFHG E\ WKH SDWLHQW FDQ DOVR EH
REWDLQHG $QG LW PD\ SURYLGH EHWWHU RSSRUWXQLW\ IRU WKH
SDWLHQWWRDFWLYHO\FRQWULEXWHKLVPXVFXODUHIIRUWVGXULQJWKH
WUDLQLQJSURFHVVDVFRPSDUHGWRWUDMHFWRU\EDVHGWUDLQLQJ
,Q WKLVSDSHUDQDFWLYH LQWHUDFWLRQFRQWUROVWUDWHJ\EDVHG
RQPRWLRQUHFRJQLWLRQDQGDGDSWLYHLPSHGDQFHFRQWUROOHULV
SURSRVHGDQG LPSOHPHQWHGRQDVL['2)SDUDOOHO URERW IRU
ORZHUOLPEUHKDELOLWDWLRQ$VLPSOHEXWHIIHFWLYHUHFRJQLWLRQ
FRQWUROOHU EDVHG RQ 506 IHDWXUHV DQG 690 FODVVLILHU LV
HVWDEOLVKHGWRSUHGLFWORZHUOLPEPRWLRQLQWHQWLRQLQDGYDQFH
,QRUGHUWRLQFUHDVHSDWLHQW¶VPRWLYDWLRQVGXULQJWKHH[HUFLVH
DQGNHHSWKHSDWKSK\VLRORJLFDODQLPSHGDQFHFRQWUROOHULV
GHVLJQHG WR PDNH WKH URERW VSHHGV DGDSWDEOH WR SDWLHQW¶V
HIIRUWV )XUWKHUPRUH DQ DGDSWLYH VFKHPH LV GHYHORSHG IRU
SURYLGLQJDVVLVWDVQHHGHGURERWLFDVVLVWDQFH7KHFRQWUROOHU
WDNHV LQWR DFFRXQW WKH SDWLHQW¶V PXVFOH DFWLYLW\ OHYHO DQG
KXPDQURERW LQWHUDFWLRQ WR DGDSW URERW FRPSOLDQFH DQG WKH
DVVLVWDQFHVSHHGDFFRUGLQJO\7KHSURSRVHG VWUDWHJ\DOORZV
SDWLHQWV WR GHWHUPLQH WKH WUDMHFWRU\ SDWWHUQ E\ UHFRJQL]LQJ
(0*VLJQDOVDQGLQIOXHQFHWKHVSHHGRIWKHLUOHJPRYHPHQWV
DORQJDSK\VLRORJLFDOSDWKGXULQJWKHWUDLQLQJ
,, 0$7(5,$/6$1'0(7+2'6
A. 6-DOF Parallel Robot for Lower Limb Rehabilitation 
5HFHQWO\SDUDOOHOURERWVKDYHGUDZQDORWRILQWHUHVWVLQWKH
URERWLFFRPPXQLW\GXHWRWKHLUVXSHULRULW\RYHUWKHFODVVLFDO
VHULDO VWUXFWXUHV LQ WHUPV RI VWLIIQHVV DFFXUDF\ DQG KLJK
SD\ORDGV ,W KDV EHHQ IRXQG WKDW SDUDOOHO URERWV DUH JRRG
FDQGLGDWHVIRUORZHUOLPEUHKDELOLWDWLRQ>@7KHORZHUOLPE
UHKDELOLWDWLRQ URERWGHVLJQHG LQ WKLVSDSHU LV DOVR DSDUDOOHO
PHFKDQLVP ZLWK VL[ WUDQVLWLRQDO DQG URWDWLRQDO '2)V 7KH
SODWIRUP VKRZQ LQ )LJ D ZDV GHVLJQHG E\ WKH DXWKRUV¶
UHVHDUFK JURXS IRU WKH SXUSRVH RI LQYHVWLJDWLQJ ORZHU OLPE
UHKDELOLWDWLRQ6SHFLILFDOO\WKHV\VWHPPDLQO\LQFOXGHGD3&
VL[PRWLRQFRQWUROOHUVEDVHGRQ'63VDQG3DQDVRQLFVHUYR
GULYHUVDVZHOODVWKHSODWIRUP/LQHDUSRVLWLRQDQGYHORFLW\
RIHDFKDFWXDWRUZHUHPHDVXUHGE\WKHSKRWRHOHFWULFHQFRGHUV
7KHURERWFRQWUROOHUZDVLPSOHPHQWHGRQD3&7KHGHYLFH
ZDVLQWHUIDFHGWRD3&WKURXJKD&$1%86LQWHUIDFHDQGVL[
DFWXDWRUV RI WKH URERW ZHUH FRQWUROOHG VLPXOWDQHRXVO\ WR
DFKLHYHIXOOGHJUHHVRIIUHHGRPIRUORZHUH[WUHPLWLHV
7KHJHRPHWULFGLDJUDPRI6WHZDUWSODWIRUPLVVKRZQLQ)LJ
EZKHUHWKHUDGLXVRIWKHXSSHUSODWIRUPLVGHILQHGDVrbDQG WKH DQJOH LV ș2 OLNHZLVH WKH SDUDPHWHUV RI WKH IL[HGSODWIRUPDUHGHILQHGDVraDQGș1UHVSHFWLYHO\7KHUDGLXVRIWKHXSSHUPRYLQJSODWHLVPPDQGWKHUDGLXVRIWKHIL[HG
EDVH SODWH LV  PP 6HYHUDO VDIHW\ IHDWXUHV ZHUH DOVR
LQFRUSRUDWHGLQWKHURERWLFPHFKDQLVPDQGFRQWUROKDUGZDUH
0HFKDQLFDOOLPLWVZLWFKHVZHUHSODFHGRQHDFKMRLQWWRDYRLG
WKH URERW WRJREH\RQG WKHSK\VLRORJLFDO UDQJHVRIPRWLRQ
$QGDQHPHUJHQF\VZLWFKZDVZLUHGVXFKWKDWDVLQJOHSXVK
FDQ VWRS WKH ZKROH V\VWHP ZKLFK ZDV KHOG E\ WKH SHUVRQ
LQYLJLODWLQJWKHWUDLQLQJSURFHVV
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)LJDLVWKH'2)SDUDOOHOURERWIRUORZHUOLPEUHKDELOLWDWLRQELVLWV
JHRPHWULFGLDJUDP
B. Motion Recognition 
(0* LV RIWHQ XVHG LQ RUGHU WR FRQWURO WKH SRZHUDVVLVW
URERWDFFRUGLQJWRWKHXVHU¶VLQWHQWLRQVLQFHLWGLUHFWO\UHIOHFWV
WKHXVHU¶VPRYHPHQWLQWHQWLRQDQGKLVPXVFOHDFWLYLW\OHYHOLQ
UHDOWLPH1RZDGD\VWKHUHVHHPVVXIILFLHQWZRUNVKDYHEHHQ
GRQH RQ (0* WULJJHUHG DVVLVWDQFH IRU XSSHU OLPEV >@
+RZHYHU WKH ORZHU OLPE URERWV KDYH QRW \HW EHHQ ZLGHO\
DSSOLHGWRWKHFOLQLFDOUHKDELOLWDWLRQ7KHSUREOHPLVWKDWWKH
UHTXLUHPHQW RI WKH UHDOWLPH FRQWURO IRU WKH ORZHU OLPE LV
GLIIHUHQW IURP WKDW RI WKH XSSHU OLPE 7KH ORZHU OLPE KDV
PRUHIUHHGRPVDQGWKHPXVFOHVWUXFWXUHLVFRPSOLFDWHGLWLV
GLIILFXOW WR HVWLPDWH DFFXUDWHO\ WKH LQWHQGHG PRWLRQV IURP
PXOWLFKDQQHO (0* SDWWHUQV XVLQJ D IL[HG FODVVLILHU>@ ,Q
UHFHQW \HDUV D QXPEHU RI PHWKRGV KDYH EHHQ SURSRVHG WR
H[WUDFWXVHIXOLQIRUPDWLRQIURP(0*7KHVHVWXGLHVWULHGWR
H[WUDFW WKH IHDWXUHV LQ WLPH IUHTXHQF\ RU WLPHIUHTXHQF\
GRPDLQV VXFK DV XVLQJ $5 FRHIILFLHQWV ZDYHOHW WUDQVIRUP
FRHIILFLHQWVDQGVSHFWUXPFRHIILFLHQWVDVIHDWXUHYDULDEOHV>@
7KHH[LVWLQJPHWKRGVWHQGWREHFRPSOLFDWHGRUUHTXLUHKXJH
DPRXQWRIVDPSOHVPRVWRIWKHPIRUORZHUOLPE(0*VLJQDO
DUHOHVVWKDQLGHDO,QRUGHUWRH[WUDFWWKHIHDWXUHVIURPUDZ
(0*VLJQDOVRIORZHUOLPEVWKH506RIWKH(0*VLJQDOLV
FDOFXODWHGDQGXVHGDVDQLQSXWIRUWKHUHFRJQLWLRQFRQWUROOHU
LQWKLVSDSHU7KH506FDOFXODWLRQLVZULWWHQDV

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 ¦ 
ZKHUHNLVWKHQXPEHURIWKHVHJPHQWV1 DQG iX LVWKHYROWDJHDWiWKVDPSOLQJ
690 KDV JDLQHG ZLGH DFFHSWDQFH LQ SDWWHUQ UHFRJQLWLRQ
ILHOGV UHFHQWO\ ,W KDV EHHQ VKRZQ WKDW 690 LV VXSHULRU WR
RWKHUWUDGLWLRQDOOHDUQLQJPDFKLQHVVXFKDV%31VLQFH690
LVDEOHWRJDLQEHWWHUJHQHUDOL]DWLRQDELOLW\IRUXQVHHQGDWD>@
,Q WKLV VWXG\ DPHWKRGEDVHGRQ506IHDWXUHVRI(0* LV
SURSRVHG LQFRPELQDWLRQZLWK WKH690FODVVLILHUZKLFK LV
TXLWHHIIHFWLYHIRUVROYLQJQRQOLQHDUSUREOHPVDQGUHGXFLQJ
WKH FRPSXWDWLRQ EXUGHQ 7KH IHDWXUH H[WUDFWLRQ DQG 690
FODVVLILFDWLRQ UXOHV LQ WKLVSUDFWLFHFDQEH LPSOHPHQWHGDQG




WKXVDSSURSULDWHIRUUHDOWLPHURERWFRQWURODSSOLFDWLRQV7KH
VWUXFWXUDOGLDJUDPRIFODVVLILHUDSSOLHGLQRXUZRUNLVVKRZQ
LQ)LJ0RUHGHWDLOHGGHVFULSWLRQVRI690LQFDQEHIRXQG
LQ SDSHUV > @ 7KH PDMRU DGYDQWDJH RI WKH DSSURDFK
DSSOLHG LQ WKLV SDSHU LV WKDW LW FDQ EH XWLOL]HG LQ UHDOWLPH
DFWLRQUHFRJQLWLRQGXULQJPRYHPHQWVRIWKHORZHUOLPEDQG
SURYLGHURERWDVVLVWDQFHDFFRUGLQJO\
   Nx x x"
x
  K x x
  K x x
  NK x x
        Nx x x xM M M M"
#

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)LJ&ODVVLILFDWLRQVFKHPHIRU(0*EDVHGPRWLRQUHFRJQLWLRQ
C. Adaptive Impedance Model 
,Q RUGHU WR SURYLGH D FRPSOLPHQW HQYLURQPHQW DIWHU WKH
URERWEHLQJWULJJHUHGDIOH[LEOHDVVLVWDQFHFDQEHSURYLGHGE\
PRQLWRULQJ WKH LQWHUDFWLRQ IRUFH EHWZHHQ WKH XVHU DQG WKH
URERW7KHUHIRUHDQDGPLWWDQFHRUSRVLWLRQEDVHGLPSHGDQFH
FRQWUROOHULVHVWDEOLVKHG%\PHDVXULQJWKHLQWHUDFWLRQIRUFH
DSSOLHGE\WKHXVHUWRWKHIRRWSODWHLWLVSRVVLEOHWRFRPSXWH
UHIHUHQFHSRVLWLRQDQGVSHHGUHTXLUHGWRUHQGHUFHUWDLQPDVV
VWLIIQHVVDQGGDPSLQJSDUDPHWHUV>@7KHLPSHGDQFHPRGHO
RIWKHPHFKDQLVPZLWKKXPDQLQWHUDFWLRQLVH[SUHVVHGDV
     d d d d d d d eM x x B x x K x x F F          
ZKHUHMdBdDQGKdUHSUHVHQWWKHGHVLUHGLQHUWLDGDPSLQJDQGVWLIIQHVVPDWULFHVxDQGxdDUHWKHDFWXDODQGWKHGHVLUHGSRVLWLRQV LQ &DUWHVLDQ VSDFH Fe LV WKH LQWHUDFWLRQ IRUFHH[HUWHGXSRQWKHHQGHIIHFWRUDQGFdLVWKHGHVLUHGIRUFH&ODVVLFDO LPSHGDQFH FRQWUROOHU LPSRVHV IL[HG SDUDPHWHUV
RQWKHSDWLHQWDQGFDQQRWSURYLGHGLIIHUHQWLPSHGDQFHPRGH
WRGLIIHUHQWXVHUV,IWKHLPSHGDQFHVHWWLQJLVWRRVWLIISDWLHQWV
IHHOSDVVLYHO\PRYHGLILWLVWRRVRIWSDWLHQWVPLJKWPRYHLQ
XQGHVLUHG SDWWHUQV>@ 7KHUHIRUH WKH UHKDELOLWDWLRQ VKRXOG
EHFRQVLGHUHGE\PRQLWRULQJ WKHSDWLHQW¶VPXVFOHFRQGLWLRQ
DQGXSGDWLQJWKHLPSHGDQFHSDUDPHWHUVLQUHDO WLPH,QWKLV
SDSHUWKHPXVFOHDFWLYLW\OHYHORISDWLHQWLVFRQVLGHUHGGXULQJ
WKHPRYHPHQW(0*LVXVHGWRHYDOXDWHWKHPXVFXODUDFWLYLW\
UDWLRZKLFKLVFDOFXODWHGE\QRUPDOL]HG506DV

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 ¦ 
ZKHUHRMSitSUHVHQWVWKH506YDOXHRIFKDQQHOiDWWLPHt
initRMSiLVWKHLQLWLDOYDOXHLQWKHWUDLQLQJVWDJHRIFKDQQHO
iDQGIRXUFKDQQHOVRI(0*VLJQDOVDUHXVHGn 
,QRUGHUWRJXDUDQWHHWKHWUDLQLQJWREHSK\VLRORJLFDOWKLV
FRQWUROOHU ZRUNV ZLWK D FRQVWDQW UHIHUHQFH WUDMHFWRU\ ZKLOH
DGDSWV WKHYHORFLWLHV7KHUHIRUH WKHGDPSLQJFRHIILFLHQWRI
FRQWUROOHULVWKHSDUDPHWHUWREHDGMXVWHG:KHQWKHUHLVOLWWOH
PXVFOHDFWLYLW\UDWLRGHWHFWHGWKHLPSHGDQFHGDPSLQJKHUH
LVVHWORZLQRUGHUWRHQIRUFHWKHURERWDVVLVWDQFHVSHHGHDVLO\
FKDQJHG WRSDWLHQW¶VHIIRUWV7KH LPSHGDQFH LV LQFUHDVHGDV
VRRQDVDQLQFUHDVHGPXVFOHDFWLYLW\UDWLRLVGHWHFWHGVRWKDW
WKHSDWLHQWFDQWU\KLVKHUEHVWWRRYHUFRPHWKHFKDOOHQJH7KH
UHIHUHQFHWUDMHFWRULHVDUHQRWPRGLILHGGXULQJWKHH[HUFLVHDQG
RQO\WKHGDPSLQJSDUDPHWHUBLVDGMXVWHGDVIROORZV
    B t B c sat mar t   
ZKHUH B0 LV LQLWLDO YLVFRXV GDPSLQJ FRHIILFLHQW c LV WKHFRHIILFLHQW RI WKH (0* HIIHFWV DQG mart LV WKH PXVFOH
DFWLYHUDWLRDIIHFWHGE\WKH(0*VLJQDOVsatLVDVDWXUDWLRQ
IXQFWLRQ WR OLQHDU WKH UHJLRQV EHWZHHQ WKH PD[LPXP DQG
PLQLPXP VDWXUDWLRQ OHYHOV 7KXV WKH DPRXQW RI GDPSLQJ
SDUDPHWHUVB LV LQFUHDVHGZKHQWKHDFWLYLW\ OHYHORI UHODWHG
ORZHUOLPEPXVFOHVLVVLPXOWDQHRXVO\LQFUHDVHG
,QWKLVDFWLYHLQWHUDFWLRQWUDLQLQJYROXQWDU\SDUWLFLSDWLRQRI
SDWLHQWVLVUHTXLUHG9HORFLWLHVRIWKHURERWDUHSURSRUWLRQDOWR
DFWLYH LQWHUDFWLRQ IRUFHDQG WKHFRQYHUVLRQ IRUPXOD FDQEH
SUHVHQWHG E\ XVLQJ LPSHGDQFH PRGHO>@ 7KH DUFKLWHFWXUH
IRU DGDSWLYH LPSHGDQFH FRQWUROOHU LV VKRZQ LQ )LJ  7KH
ORZHUORRSLVWKHLPSHGDQFHFRQWUROZLWKGDPSLQJSDUDPHWHU
DQG WKH XSSHU ORRS LV D SRVLWLRQYHORFLW\ FRQWUROOHU 7KLV
DUFKLWHFWXUH VKRZV WKDW PRUH DFWLYH LQWHUDFWLRQ IRUFHV DUH
UHTXLUHGWRDFKLHYHKLJKHUWUDLQLQJYHORFLWLHV0HDQZKLOHWKH
GDPSLQJ FRHIILFLHQWV FDQ EH FKDQJHG IRU GLIIHUHQW WUDLQLQJ
UHVLVWDQFHVDFFRUGLQJWRWKHPXVFOHDFWLYLW\OHYHOFDOFXODWHG
IURP(0*VLJQDOV7KHKLJKHUWKHPXVFOHDELOLW\LVWKHODUJHU
GDPSLQJFRHIILFLHQW LV DQGPRUHDFWLYH IRUFHFRQWULEXWLRQV
DUHQHHGHGWRUHDFKWKHVDPHH[HUFLVHYHORFLWLHV
)X]]\
$GDSWLYH
&RQWUROOHU
5HKDELOLWDWLRQ
5RERW
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'HFRGLQJ
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+XPDQ
,QWHUDFWLRQ
)RUFH(0*
6LJQDOV
3DUDPHWHU
8SGDWLQJ0XVFOH$FWLYLW\5DWLR
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)LJ$GDSWLYHLPSHGDQFHFRQWUROEDVHGRQPXVFOHDFWLYLW\OHYHOHYDOXDWLRQ
D. Active Interaction Control 
,Q WKLVSDSHUZHSURSRVHDPXOWL'2)SDUDOOHO URERW IRU
KXPDQ ORZHUOLPE PRWLRQ DVVLVWDQFH LQ ZKLFK WKH (0*
VLJQDOV DQG DFWLYH LQWHUDFWLRQ IRUFH DUH LQWHJUDWHG ZLWK WKH
DGDSWLYHLPSHGDQFHFRQWUROOHUWRUHDOL]HWKHHIIHFWLYHPRWLRQ
DVVLVWDQFH IRU WKH URERWXVHU7KHDFWLYH LQWHUDFWLRQ FRQWURO
SURFHVVLQWKLVVWXG\FRQWDLQVIRXUVWHSVDVVKRZQLQ)LJ
(0* VLJQDOV DFTXLVLWLRQ DQG SUHSURFHVV LQFOXGLQJ VLJQDOV
ILOWHULQJDQGDPSOLILFDWLRQOLPELQWHQWLRQSUHGLFWLRQDQG
PRWLRQGHFRGLQJE\WKHLQWHJUDWLRQRI506IHDWXUHVRI(0*
DQG 690 FODVVLILHU  UHDOWLPH XSGDWLQJ RI LPSHGDQFH
SDUDPHWHUVDQGMRLQWYHORFLW\FRPPDQGV$FRQWUROODZZDV
SURSRVHG WR UHODWH WKH PXVFOH DFWLYLW\ UDWLR WR WKH GDPSLQJ
SDUDPHWHUVLQRUGHUWRDGMXVWWKHWUDLQLQJVSHHGLQDFFRUGDQFH
ZLWK WKHKXPDQLQWHUDFWLRQIRUFH  IROORZWKHSUHGHILQHG
VPRRWK WUDMHFWRU\ EDVHG RQ LQYHUVH NLQHPDWLFV DQG IX]]\
DGDSWLYHFRQWUROOHU7KHSDUDOOHO UHKDELOLWDWLRQURERWKDVVL[
'2)VDQGD WUDMHFWRU\ WUDFNLQJDSSURDFKEDVHGRQD IX]]\




FRQWUROOHUZDVLPSOHPHQWHGDVDSRVLWLRQYHORFLW\FRQWUROOHU
WRJXLGHWKHVXEMHFW¶VOLPERQUHIHUHQFHWUDMHFWRULHV>@6LQFH
WKH LQYROYHPHQW RI KXPDQ FRQWURO QHFHVVDULO\ SURPRWHV
SDWLHQWDFWLYLW\GXULQJWKHH[HUFLVHVXFKVWUDWHJLHVSRWHQWLDOO\
LQFUHDVH WKHSDWLHQW¶V PRWLYDWLRQEHFDXVH PXVFOH DFWLYDWLRQ
FKDQJHVDQGWKHLQWHUDFWLRQHIIRUWVZLOOEHGLUHFWO\UHIOHFWHGLQ
WKHWUDLQLQJVSHHGDQGFDXVHDFRQVLVWHQWIHHOLQJRIVXFFHVV
)LJ7KHSURSRVHGDFWLYHLQWHUDFWLRQFRQWUROOHUIRUUHKDELOLWDWLRQURERW
,,, (;3(5,0(176$1'5(68/76
A. Experimental Protocol 
,QRUGHUWRHYDOXDWHWKHDELOLW\RIWKHSDUDOOHOUHKDELOLWDWLRQ
URERWWRSURYLGHLQWHUDFWLYHUHKDELOLWDWLRQIRUORZHUOLPEVWKH
SUHYLRXVO\GHVFULEHGURERWDQGFRQWUROOHUZHUHLPSOHPHQWHG
LQSUHOLPLQDU\H[SHULPHQWV7KHVXUIDFH(0*VLJQDOVZHUH
DFTXLUHGE\DSRUWDEOH%OXHWRRWK(0*DFTXLVLWLRQHTXLSPHQW
'DWD/2*0:;%LRPHWULFV/WG8. DV VKRZQ LQ)LJ
D0RUHRYHUD)XWHNIRUFHVHQVRUZDVPRXQWHGEHWZHHQ
WKHPRYLQJSODWIRUPDQGWKHIRRWSODWHWRVHQVHWKHHTXLYDOHQW
LQWHUDFWLRQIRUFHDFWLQJEHWZHHQKXPDQDQGURERW
)LJ  D LV WKH (0*DFTXLVLWLRQ HTXLSPHQW E LV WKH ORFDWLRQ RI (0*
HOHFWURGHVDQGFLVWKHH[SHULPHQWDOVHWXS
7KHH[SHULPHQWVZHUHFDUULHGRXWZLWKWKUHHKHDOWK\PDOH
VXEMHFWV DJHG   DQG  6L[ PRWLRQV RI ORZHU OLPE
LQFOXGLQJ GRUVLIOH[LRQ SODQWDUIOH[LRQ LQYHUVLRQ DYHUVLRQ
DGGXFWLRQ DQG DEGXFWLRQ >@ ZHUH LPSOHPHQWHG 3ULRU WR
WKHH[SHULPHQWIRXUSDLUVRIHOHFWURGHVZHUHDWWDFKHGRQHDFK
PXVFOH7KHVXEMHFW¶VJDVWURFQHPLXVPHGLDOLV*0WLELDOLV
DQWHULRU7$IOH[RUGLJLWRUXPORQJXV)'/DQGVROHXV6/
PXVFOHVRIWKHULJKWOHJZHUHVHOHFWHGLQWKLVH[SHULPHQW7KH
ORFDWLRQRIHOHFWURGHVLVVKRZQLQ)LJE$IWHUDJHQHUDO
IDPLOLDUL]DWLRQSHULRGWKHVXEMHFWVWRRGRQDFKDLUZLWKULJKW
IRRWFRQVWUDLQHGWRWKHRUWKRWLFVDVLOOXVWUDWHGLQ)LJF
7ZRIRUPVRIH[SHULPHQWVZHUHFDUULHGRXWWRHYDOXDWHWKH
HIIHFWLYHQHVV RI WKH SURSRVHG FRQWURO PHWKRG ,Q WKH ILUVW
H[SHULPHQWWKUHHVXEMHFWVSHUIRUPHGWKHORZHUOLPEPRWLRQV
ZLWK WKH SDVVLYH DVVLVW RI URERW 7KLV SDVVLYH PRGH RI WKH
UHKDELOLWDWLRQZDVLQYHVWLJDWHGZKHUHLQWKHVXEMHFWZDVDVNHG
QRWWRH[HUWDQ\IRUFHDQGUHPDLQUHOD[HGDIWHUWKHURERWEHLQJ
WULJJHUHGDQGWKHURERWZDVFRQWUROOHGWRIROORZSUHGHILQHG
WUDMHFWRULHVE\HVWLPDWLQJ WKHSDWLHQW¶VPRYHPHQW LQWHQWLRQ
7KHQ H[SHULPHQWV RQ DFWLYH LQWHUDFWLRQ FRQWURO EDVHG RQ
UHDOWLPHPXVFOHDFWLYLW\HYDOXDWLRQDQGSDUDPHWHUVXSGDWLQJ
ZHUHSHUIRUPHGZKHUHLPSHGDQFHSDUDPHWHUVZHUHDGMXVWHG
WRDOORZWKHSDWLHQWVWRFKDQJHWKHFRPSOLDQFHE\WKHPVHOYHV
,QWKHILUVWVWDJH(0*VLJQDOVZHUHVDPSOHGDQGUHFRUGHG
GDWDZHUHXVHGDV WKH WUDLQLQJVDPSOHV WRPRGLI\ WKH690
FODVVLILHU ,Q WKH VHFRQG VWDJH WKH (0* VLJQDOV ZLWK IRUFH
IHHGEDFNLWHPVZHUHXVHGWRFRQWUROWKHURERWWRIROORZWKH
VXEMHFW¶V VSHFLILHG PRWLRQV DQG LQIOXHQFH WKH PRYHPHQW LQ
UHDOWLPH 7KH VXEMHFW ZDV LQVWUXFWHG WR SHUIRUP YROXQWDU\
PRYHPHQWVDQGSDUWLFLSDWHLQWKHWUDLQLQJ,QFRQMXQFWLRQZH
WHVWHG DQ LPSHGDQFHVKDSLQJ DOJRULWKP ZKLFK VKDSHG WKH
URERW GDPSLQJ WR WKH LQGLYLGXDO PXVFOH DFWLYLW\ OHYHO 7KH
GXUDWLRQRIHDFKH[SHULPHQWZDVDERXWPLQXWHV
B. Results 
7KH H[SHULPHQWDO UHVXOWV RI ERWK (0*WULJJHUHG SDVVLYH
FRQWURODQGDFWLYHFRPSOLDQFHFRQWUROVXJJHVWWKDWWKHURERW
FDQIROORZWKHVXEMHFW¶VPRYHPHQWLQWHQWLRQ506IHDWXUHV
RI(0*IHHGEDFNLWHPVDQG690DQDO\VLVPHWKRGPDNHLW
SRVVLEOHWRSUHGLFWKXPDQPRWLRQLQWHQWLRQSUHFLVHO\)LJ
VKRZV(0*VLJQDOVRIWKHVXEMHFWVDQGPRWLRQFODVVLILFDWLRQ
UHVXOWVZKHUHDVDWLVIDFWRU\UHFRJQLWLRQDFFXUDF\DPRXQWLQJ
WRFDQEHREWDLQHG
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)LJ  506 IHDWXUHV H[WUDFWLRQ DQG PRWLRQ UHFRJQLWLRQ UHVXOWV D LV WKH
UHVXOWVRIVXEMHFW6DQGELVWKHUHVXOWVRIVXEMHFW6%RWKILJXUHV
IURPWRSWRERWWRPVKRZWKH506P9RI6/7$)'/DQG*0PXVFOHV
GXULQJWKHPRYHPHQW$QGWKHFODVVLILFDWLRQUHVXOWV LQZKLFKWKHQXPEHUV
IURP WRSUHVHQW WKH VL[PRWLRQV LQFOXGLQJGRUVLIOH[LRQ SODQWDUIOH[LRQ
LQYHUVLRQDYHUVLRQDGGXFWLRQDQGDEGXFWLRQUHVSHFWLYHO\VKRZLQJWKDWWKH
UHFRJQLWLRQDFFXUDF\LVVDWLVILHG




)RUWKHVHFRQGH[SHULPHQWWKHHIIHFWRIWKHDGMXVWPHQWRI
LPSHGDQFHSDUDPHWHUVZDVHYDOXDWHG,QRUGHUWRHQFRXUDJH
SDWLHQW¶VSDUWLFLSDWLRQ LQ WKH WUDLQLQJ URERWFRPSOLDQFHFDQ
EHDGMXVWHGDFFRUGLQJWRKLVKHUPXVFOHDFWLYLW\OHYHO)LJD
SUHVHQWV KRZ SDWLHQW¶V PXVFOH DFWLYLW\ UDWLR ZDV HYDOXDWHG
GXULQJWKHH[HUFLVH$QGWKHH[SHULPHQWDOUHVXOWVLQ)LJE
VKRZWKDWWKHURERWLPSHGDQFHSDUDPHWHUVFDQEHDGMXVWHGLQ
DFFRUGDQFHZLWKWKHPXVFOHDFWLYLW\UDWLR:KHQWKHPXVFOH
DFWLYLW\ OHYHO LV UHGXFHG WKH LPSHGDQFH SDUDPHWHUV ZLOO EH
SURSHUO\DGMXVWHGWRPDNHWKHURERWPXFK³HDVLHU´WRFRQWURO
$IWHUZDUGV WKH VXEMHFW ZDV DVNHG WR SURGXFH YROXQWDU\
HIIRUWVWKDW\LHOGHGDFKDQJHRIWKHPRWLRQYHORFLW\7KHURERW
FDQQRWRQO\ IROORZVXEMHFW¶VPRYHPHQW LQWHQWLRQEXW DOVR
LQIOXHQFH WKH URERW DVVLVWDQFH VSHHG EDVHG RQ LQWHUDFWLRQ
IRUFH DQG XSGDWLQJ WKH LPSHGDQFH SDUDPHWHUV DFFRUGLQJ WR
PXVFOHDFWLYLW\OHYHOPHHWLQJWKHUHTXLUHPHQWRIDFWLYHDQG
DGDSWLYHLQWHUDFWLRQFRQWURO7KHSDUDPHWHUVRIDQLPSHGDQFH
FRQWUROOHU FDQ EH XSGDWHG EDVHG RQ WKH DGDSWDWLRQ ODZ
PHQWLRQHGDERYH7KHDGMXVWPHQWRIWKHFRQWUROOHULVVLPSOH
DQGLQWXLWLYHVLQFHRQO\DSDUDPHWHULVUHTXLUHGDQGWKHHIIHFW
RI LPSHGDQFH FDQ EH LQWHUSUHWHG DV D FRPSOLDQW GHYLDWLRQ
IURPWKHGHVLUHGVSHHGVFDXVHGE\SDWLHQW¶VHIIRUWV
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)LJXUH D LV WKH PXVFOH DFWLYLW\ HYDOXDWLRQ UHVXOWV RI 6 DQG E LV WKH
DGDSWLYHLPSHGDQFHFRQWUROUHVXOWVRI6)URPWRSWRERWWRPRIDWKHILUVW
RQHLVWKH506RIIRXUFKDQQHOVWKHEOXHUHGPDJHQWDJUHHQOLQHUHIHUWR
FKDQQHO UHVSHFWLYHO\GXULQJ WKHH[HUFLVH WKHVHFRQGRQH LV WKH
LQLWLDO506YDOXHRIIRXUFKDQQHOVinitRMSi, i IURPOHIWWRULJKW
IRUVL[PRWLRQPRGHVLQWKHWUDLQLQJVWDJHVLQFHGLIIHUHQWPRWLRQVDFWLYDWH
GLIIHUHQW PXVFOHV WKH DYHUDJH 506 DQG LWV GHYLDWLRQ DUH VKRZQ IRU HDFK
FKDQQHOLQHDFKPRGHWKHODVWRQHLVWKHPXVFOHRIDFWLYLW\UDWLRHYDOXDWHGE\
XVLQJ)URPWRSWRERWWRPRIEWKHILUVWRQHLVWKHUHVXOWDQWIRUFHRIWKH
DFWLYH LQWHUDFWLRQ LQ WKH x, y, z GLUHFWLRQV PHDVXUHG E\ IRUFH VHQVRU WKH
VHFRQGLVWKHDGDSWLYHLPSHGDQFHSDUDPHWHUGDPSLQJKHUHZKLFKLVVKDSHG
E\WKHPXVFOHDFWLYLW\UDWLRXVLQJWKHODVWRQHLVWKHDYHUDJHURERWYHORFLW\
LQMRLQWVSDFHWKHEOXHOLQHLVWKHGHVLUHGYHORFLW\DQGWKHJUHHQRQHLVWKH
DFWXDORQHGHWHUPLQHGE\WKHLQWHUDFWLRQIRUFHDQGWKHGDPSLQJFRHIILFLHQW
3ULRU WR WKH DFWLYH LQWHUDFWLRQ FRQWURO PRGH WKH VXEMHFWV
ZHUHWUDLQHGLQDQ(0*WULJJHUHGSRVLWLRQFRQWUROORRS7KXV
FRPSDULVRQVFDQEHGRQHEHWZHHQWKH(0*WULJJHUHGFRQWURO
DQGDFWLYHLQWHUDFWLRQFRQWURO)LJDEUHSRUWVWKHDPRXQW
RI(0*VLJQDOV UHTXLUHG WRSHUIRUP WKH PRWLRQ GXULQJ WKH
WZRWULDOV:KHQWKHSDWLHQWNHSWSDVVLYHDIWHUDFWLYDWLQJWKH
URERWE\(0*DFWLRQUHFRJQLWLRQWKHPXVFOHHIIRUWVDSSOLHG
E\ WKH VXEMHFW ZDV DW D ORZHU OHYHO GXULQJ WKH PRYHPHQW
'LIIHUHQWO\LQWKHVHFRQGWULDO WKHVXEMHFWKDGWRSURYLGHD
FHUWDLQHIIRUWLQWHUPVRIPXVFOHDFWLYLW\,WLVQRWLFHGLQ)LJ
WKDW WKH GLIIHUHQFH LQ DFWLYH PRGH LV VLJQLILFDQW HVSHFLDOO\
ZKHQPXVFOHDFWLYLW\UDWLRLVFRQVLGHUHGDQGWKDWWKHPXVFOH
HIIRUWVLQDFWLYHLQWHUDFWLRQLPSHGDQFHPRGHVKRZDQREYLRXV
LQFUHDVHLQWRWDO(0*YDOXHV,WLVFRQILUPHGWKDWWKHDGDSWLYH
LPSHGDQFHFRQWUROOHUFDQJHQHUDWHDGDSWLYHDVVLVWDQFHVSHHG
LQDJUHHPHQWZLWKWKHFKDQJHRIWKHVXEMHFW¶VPXVFOHDFWLYLW\
OHYHO7KHUHIRUHWKHDGDSWLYHLPSHGDQFHFRQWUROOHULVDEOHWR
DGMXVWWKHGHVLUHGLPSHGDQFHEHWZHHQWKHURERWDQGLPSDLUHG
OLPE WRJHQHUDWHDGDSWLYH WUDLQLQJ VSHHG LQ DJUHHPHQWZLWK
WKHOLPE¶VPXVFOHVWUHQJWK7KHDGYDQWDJHRIWKHVHFRQGWULDO
LVWKDWWKH\FDQYROXQWDULO\LQIOXHQFHWKHURERWVSHHGDQGFDQ
IHHOWKHFKDQJHVSURGXFHGE\WKHLURZQFRQWULEXWLRQV
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)LJXUH&RPSDULVRQVRIWKHFRQYHQWLRQDO(0*WULJJHUHGDVVLVWDQFHDQGWKH
DFWLYH LQWHUDFWLRQFRQWURO DVVLVWDQFH D LV WKH UHVXOWV RI6 DQG E LV WKH
UHVXOWVRI6)URPWRSWRERWWRPRIERWKDDQGEWKHWRSWZRILJXUHVDUH
WKHURERWYHORFLW\DQG506LQ(0*WULJJHUHGSDVVLYHDVVLVWDQFHWKHERWWRP
WZR ILJXUHV DUH YHORFLW\ DQG 506 UHFRGHG GXULQJ WKH SURSRVHG DFWLYH
LQWHUDFWLRQDVVLVWDQFH,WLVLOOXVWUDWHGWKDWLQFRQYHQWLRQDOPHWKRGVWKHURERW
PRWLRQFDQQRWEHLQIOXHQFHGE\VXEMHFWDIWHUEHLQJWULJJHUHGDQGWKHPXVFOHV
DUHVHOGRPDFWLYHEXWMXVWZKHQWULJJHULQJWKHURERW:KHUHDVLQWKHSURSRVHG
PHWKRG WKH URERW DVVLVWDQFH VSHHG FDQ EH DGMXVWHG DFFRUGLQJ WR H[WHUQDO
IRUFHDQGWKHPXVFOHDFWLYLW\OHYHODQGWKXVWKHPXVFOHVDUHDFWLYHDWPRVWRI
WKHWLPH7KLVDOORZVSDWLHQWWRFRQWULEXWHPRUHHIIRUWVGXULQJWKHH[HUFLVH
DQGPD\LQFUHDVHWKHWUDLQLQJHIIHFWV




,9 ',6&866,21$1'&21&/86,21
8VLQJ LPSHGDQFH FRQWURO LQVWHDG RI SRVLWLRQ FRQWURO WKH
DGGLWLRQDOHIIRUWE\WKHSDWLHQWFDQEHUHIOHFWHGLQWKHURERW
DVVLVWDQFH SDWWHUQ ZKLFK PD\ LQFUHDVH KLVKHU PRWLYDWLRQ
+RZHYHU WKH PRGLILFDWLRQ RI WKH UHIHUHQFH WUDMHFWRU\ PD\
LQFUHDVHWKHULVNWKDWWKHVXEMHFWDQGURERWVWDUWWRPRYHRXWRI
SK\VLRORJLFDO SKDVH 7KHUHIRUH WKH URERW DVVLVWDQFH LQ WKLV
SDSHUDGMXVWHGLWVVSHHGEDVHGRQSDWLHQW¶VHIIRUWVZKLOHNHHS
WKHWUDMHFWRULHVIL[HG)XUWKHUPRUHWKHLPSHGDQFHOHYHOFDQ
YDU\ZLGHO\GXHWRGLIIHUHQWOHYHOVRIPXVFOHDFWLYLW\UDWLRWR
PDWFKWKHSDWLHQW¶VFDSDELOLWLHVDQGUHFRYHU\SURJUHVV,QWKH
SURSRVHGVWUDWHJ\WKHSDWLHQW¶VPRYHPHQWLQWHQWLRQZDVILUVW
UHFRJQL]HGXVLQJ(0*VLJQDOV7KH506PHWKRGLVVLPSOH
DQGHIIHFWLYHWRH[WUDFWIHDWXUHVIURPWKHUDZ(0*VLJQDOV
DQGWKHUHVXOWVDOVRGHPRQVWUDWHWKHHIIHFWLYHQHVVRIWKH690
FODVVLILHU,WLVVXJJHVWHGWKDWWKH(0*VLJQDOVUHFRUGHGIURP
VHOHFWHGPXVFOHVFDQEHXVHGWRWULJJHUWKHURERWDVVLVWDQFH
7KHQLPSHGDQFHFRQWUROPHWKRGLQDFFRUGDQFHZLWKSDWLHQW¶V
LQWHUDFWLYHHIIRUWVZDVDSSOLHGWRPDNHWKHURERWFRPSOLDQW
PHDQZKLOH DGDSWLYH FRQWURO PHWKRGV EDVHG RQ WKH PXVFOH
DFWLYLW\ZDVSURSRVHGWRDGMXVWWKHLPSHGDQFHSDUDPHWHUVDQG
LQIOXHQFHWKHURERWDVVLVWDQFHWRLQGLYLGXDOFRQWULEXWLRQ
([SHULPHQWVZLWKWKUHHKHDOWK\VXEMHFWVZHUHSHUIRUPHGWR
HYDOXDWH LI WKH DGDSWLYH LPSHGDQFH FRQWURO VFKHPH FRXOG
PRGLI\WKHURERWLFDVVLVWDQFHVSHHGEDVHGRQWKHSDUWLFLSDWLRQ
DQGPXVFOHDFWLYLW\ UDWLRRI VXEMHFW LQ WKH WUDLQLQJSURFHVV
7KH URERW ZDV RSHUDWHG LQ WZR GLIIHUHQW PRGHV QDPHO\
(0*WULJJHUHGPRGHDQGDGDSWLYHLPSHGDQFHFRQWUROPRGH
,Q WKH ILUVW WULDO WKUHH VXEMHFWV ZHUH LQVWUXFWHG WR UHPDLQ
SDVVLYH ZLWKLQ WKH URERW GXULQJ WKH DQG DOORZHG URERW WR
JXLGHWKHLUOHJVEDVHGRQLQWHQWLRQUHFRJQLWLRQ,QWKHVHFRQG
H[SHULPHQWWKHVXEMHFWVZHUHDVNHGWRDFWLYHO\LQIOXHQFHWKH
URERWDVVLVWDQFHVSHHGDIWHU WULJJHULQJ WKH URERW5HVXOWVRI
SUHOLPLQDU\H[SHULPHQWVGHPRQVWUDWHGWKDWWKHUHKDELOLWDWLRQ
V\VWHPZDVDEOHWRPRYHZLWKWKHXVHU¶VLQWHQWLRQZKLOHWKH
LPSHGDQFHFDQEHXSGDWHGZLWKWKHUHFRYHU\FRQGLWLRQRIWKH
VXEMHFW$QLQFUHDVHLQSDUWLFLSDWLRQRIVXEMHFWVUHVXOWHGLQDQ
LQFUHDVHRIWKHURERWLFDVVLVWDQFHVSHHGDQGWKDWDQLQFUHDVHLQ
PXVFOH DFWLYLW\ OHYHOV UHVXOWHG LQ D GHFUHDVH RI WKH URERW
FRPSOLDQFHDQGYLFHYHUVD&RPSDULQJZLWK WKH WUDGLWLRQDO
(0*WULJJHUHG URERW DVVLVWDQFH WKH SURSRVHG PHWKRG QRW
RQO\ DFWLYDWHV WKH URERW DVVLVWDQFH ZKHQ SDWLHQW LQWHQGV WR
PRYHEXWDOVRFKDQJHVWKHPRWLRQSDWWHUQLQDFFRUGDQFHZLWK
SDWLHQW¶VHIIRUWVGXULQJWKHPRYHPHQW0RUHRYHUDGDSWDWLRQ
RIURERWLPSHGDQFHEDVHGRQSDWLHQW¶VPXVFOHDFWLYLW\OHYHO
GLUHFWO\UHVSRQGVWRYHORFLW\FKDQJHVDQGWKLVDOORZVWKHOLPE
WUDLQLQJPRYLQJDORQJDSK\VLRORJLFDOWUDMHFWRU\
,Q WKH IXWXUH LQ RUGHU WR SUHGLFW WKH SDWLHQW¶V PRWLRQ
LQWHQWLRQPRUHSUHFLVHO\DQGPDNHWKHFRQWUROOHUPRUHVWDEOH
WKHWLPHIUHTXHQF\GRPDLQIHDWXUHVRI(0*VLJQDOVQHHGWR
EH LQWURGXFHG ,QDGGLWLRQVL[ IL[HGPRYHPHQWSDWWHUQV IRU
KHDOWK\VXEMHFWVZHUHXVHGGXULQJWKHH[SHULPHQWV+RZHYHU
WKHVH WUDMHFWRULHV PD\ QRW EH VXLWDEOH IRU WKH SDWLHQWV ZLWK
GLIIHUHQW LPSDLUPHQWV 7KH DGDSWDWLRQ RI UHIHUHQFH SDWWHUQ
DQG WKH FRQVWUXFWLRQ IRUFH SUHGLFWLRQ EDVHG RQ ORZHU OLPE
(0* VLJQDOV DUH DOVR LPSRUWDQW UHVHDUFK TXHVWLRQV ZLWK
UHJDUGWRURERWUHKDELOLWDWLRQLQIXWXUHZRUNV
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